To investigate the role of PDGF-C in development, we studied the effect of inactivating Pdgfc by gene-targeting in mice (Fig. 1a) . We confirmed correct homologous recombination in R1 embryonic stem (ES) cells by Southern-blot analysis (Fig. 1b) . RNA-blot hybridization ( Fig. 1c) showed that Pdgfc mRNA was absent in the homozygous embryos, indicating that the mutation had generated a null allele. In Pdgfc +/À embryos, lacZ reporter activity recapitulated the endogenous Pdgfc expression pattern (Fig. 1d) . Among the offspring of intercrosses of Pdgfc +/À (129S1) mice, Pdgfc À/À fetuses were present in a mendelian ratio up to birth, suggesting that Pdgfc deficiency does not cause prenatal lethality. But more than 95% of Pdgfc À/À neonates (83 of 87) died on day 1, and none survived to weaning.
In the Pdgfc À/À embryos, we detected no morphological defect in tissues that normally express Pdgfc, but the null mutant embryos had subcutaneous edema in the flank of the body between the limbs. We observed severe blistering in the frontonasal and lateral forehead region, and blisters were often filled with blood owing to the rupture of extracranial vessels (Fig. 2) . We observed subepithelial blistering in the posterior part of the secondary palate and the nasal septum (Fig. 3m) . Ultrastructural analysis showed that the roof of the blister was lined by intact lamina lucida and lamina densa, but very few anchoring fibrils were found underneath the lamina densa. This indicated that the cleavage plane lies in the sublamina densa zone on the dermal side of the basement membrane (Fig. 2e,f) . The histopathology of the subepidermal blistering in the mutant embryo was reminiscent of that of dystrophic epidermolysis bullosa in humans. All Pdgfc À/À neonates that died shortly after birth showed a complete cleft of the secondary palate (Fig. 3a) , accompanied by the failure of the palatal bones to extend across the roof of the oronasal cavity ( Fig. 3b ; compare with wild-type control in Fig. 3c ). We observed no other skull abnormalities (data not shown), but spina bifida occulta (incomplete neural arch of the vertebra and deformation of the dorsal spinal cord) developed in the lower spine (Fig. 3e) . This might be associated with the formation of subepidermal blisters and the deficiency of connective tissues in the dorsal midline (Fig. 3d) .
We investigated the dysmorphogenesis of the palatal shelf of Pdgfc mutant embryos. At 13.5 days post-coitum (d.p.c.), the palatal shelves of both Pdgfc +/À and Pdgfc À/À embryos showed a proper downward growth from the maxillary processes (Fig. 3f,g ). By 14.5 d.p.c., the palatal shelves of Pdgfc +/À embryos were elevated to a horizontal position and abutted each other across the gap dorsal to the tongue, which had been lowered from between the shelves (Fig. 3h,i) . In contrast, the palatal shelves of the Pdgfc À/À embryos (n ¼ 9) failed to lift, even after the tongue had moved away from between them. Both shelves and the nasal septum were short for the size of the gap in the oro-pharynx (Fig. 3i) . In Pdgfc +/À embryos at 14.75-15.5 d.p.c., the medial-edge epithelia (MEE) of the two palatal shelves fused and then degenerated, resulting in congruity of the epithelial and mesenchymal tissues of the shelves (Fig. 3j) . In contrast, the palatal shelves of all five Pdgfc À/À embryos at similar ages were hypoplastic and failed to fuse properly (Fig. 3k-m) . Four of them had asymmetrical fusion of the nasal septum (Fig. 3l) and three had blisters on the MEE region (Fig. 3m) .
The proliferation of bulging MEE cells and the modification of the surface of MEE, such as the formation of filopodia on the apical surfaces, are indicative of the adhesive property of the palatal shelf (Fig. 3n,p) 3, 4 . In the palatal shelf of Pdgfc À/À embryos, the number of proliferating bulging MEE cells was reduced markedly, and the mesenchyme immediately subjacent to the MEE was depleted of cells ( Fig. 3o ). Filopodia were lost completely from the surface of MEE cells (Fig. 3q) . During the closure of dorsal epithelial folds in Drosophila melanogaster and in ventral epithelial folds in Caenorhabditis elegans, the presence of filopodia enables the epithelial cell to sense and establish contact with other epithelial cells. In concert with the E-cadherin that clusters at the tips of filopodia, adherens junctions are formed between cells 5, 6 . The MEE filopodia might have a similar function during palate fusion, drawing cells together to facilitate recognition and adhesion between the apposing MEE. The absence of the MEE filopodia might have contributed to the poor ability of the palatal shelves of 13.5-d.p.c. Pdgfc À/À embryos to fuse, even when they were apposed closely in vitro (Supplementary Table 1 online) . Together, the hypoplasia of palate tissues and fusion defects of the Pdgfc À/À MEE might account for the formation of a cleft palate in Pdgfc À/À neonates.
Both Pdgfc (Fig. 3r) and Pdgfa ( Fig. 3s) , which encode PDGF ligands, were expressed in the epithelium of the palatal shelf, whereas Pdgfra, which encodes the receptor, was expressed in the mesenchyme (Fig. 3u) . In palatal shelves of Pdgfc À/À mutants, Pdgfa (Fig. 3t) and Pdgfra ( Fig. 3v) were still expressed, although the latter might have been slightly downregulated. The regional activity of the ligand and receptor is suggestive of a paracrine mode of signaling in vivo 7, 8 . The MEE cell phenotype might therefore be secondary to the effect of diminishing PDGF signaling in the mesenchyme owing to the loss of the epithelial source of PDGF-C (Fig. 3o) . PDGF-C function is probably nonredundant in the formation of the secondary palate, as the palate defects were not rescued by the Pdgfa activity in the MEE, and the loss of PDGF-A did not cause a cleft palate in Pdgfa À/À mice 7 .
Pdgfra À/À mutants die by 15.5 d.p.c. and have a severe phenotype of cleft face, spina bifida, subepidermal blistering and skeletal and vascular defects 9, 10 . Although most Pdgfa À/À mutants die during embryonic development, some are born with abnormalities of the central nervous system 11 , the skin 12 , the lung 13 and the gut 14 , but without the facial cleft that is characteristic of Pdgfra mutants. As expression of Pdgfc largely overlaps with that of Pdgfa during early embryogenesis 15, 16 , the loss of PDGFR-a function may result from the combined effects of loss of the activity of both ligands. To test this idea, we crossed Pdgfc +/À mice (129S1) with Pdgfa +/À mice (C57/B6) to generate trans-heterozygous mice, which we then bred to produce Pdgfc À/À Pdgfa À/À mice. We recovered the expected numbers (1 of 16) of Pdgfc À/À Pdgfa À/À embryos at 8.5-10.5 d.p.c. but found fewer at later embryonic ages ( Table 1) retardation, pericardial effusion (Fig. 4a) , wavy neural tube (Fig. 4e ) and subepidermal blisters (Fig. 4b) . Double homozygotes (n ¼ 4) were grossly normal (Fig. 4a) , but the myotome of somites in the lower occipital and cervical region was necrotic and poorly organized (Fig. 4n,o) . To procure more compound homozygous embryos for phenotype analysis, we produced Pdgfc À/À Pdgfa À/À embryos totally from ES cells using tetraploid chimera technology 17 .
We obtained 112 ES cell-derived Pdgfc À/À Pdgfa À/À embryos, which were phenotypically similar to the compound homozygotes from Pdgfc +/À Pdgfa +/À intercrosses (data not shown). The 10.5-d.p.c ES cell-derived Pdgfc À/À Pdgfa À/À embryos showed disrupted metameric organization of the myotomes (Pdgfc, Fig. 4c,d ; and Pax3, Fig. 4k-m) , the dermomyotome (En1, Fig. 4f,g ) and the sclerotome (Twist1, Fig. 4h-j) of somites in the cervical region; somites in the trunk were unaffected. Older Pdgfc À/À Pdgfa À/À embryos developed a cleft face (Fig. 5b,d ,g; compare with wild-type controls in Fig. 5a ,c), edema and subepidermal blistering (Fig. 5e,f,h) , and skeletal defects including cranial bone defects (data not shown), fusion or bifurcation of ribs, short sternum (Fig. 5j) , retarded formation of the acromion of the scapula (Fig. 5k) and incomplete neural arch of vertebrae (resulting in spina bifida; Fig. 5i,l) . The hearts of the Pdgfc À/À Pdgfa À/À mutants lacked atrial septa (Fig. 5m) , and the kidney cortex was deficient in interstitial mesenchyme ( Fig. 5o ; compare with wild-type control in Fig. 5n ). All of these phenotypes were present in Pdgfra À/À mutant embryos 9, 10 .
Our results show that PDGF-C is a key component of the PDGFR-a signaling pathway and has a specific role in palatogenesis and the morphogenesis of the integumentary tissue. The phenotypes of compound mutants imply that PDGF-C and PDGF-A may function as principal ligands for PDGFR-a. Although another ligand, PDGF-B, can bind to PDGFR-a with high affinity, loss of its function 18 produces a phenotype that is substantially different from that resulting from loss of PDGF-A, PDGF-C and PDGFR-a. These findings suggest that PDGF-B does not function through PDGFR-a signaling and therefore probably does not contribute to the phenotype resulting from loss of PDGF-A and PDGF-C. The role of PDGF-D, however, has not been investigated. Loss of function of another receptor (PDGFRb) is associated with a different phenotype 19 , and loss of function of both PDGF-A and PDGF-B does not result in any of the phenotypes associated with mutations of PDGFR-a (C.B and H.B., unpublished observations). These results suggest that the function of the two receptors is not redundant.
Clefts of the lip or palate (CLP) are complex human congenital anomalies 20 . Despite intensive efforts in mutation screening and animal studies, the elucidation of the genetic cause is far from complete. Nevertheless, significant association has been found between human nonsyndromic CLP and nonsense mutations of several genes, such as PVRL1 (ref. Our results show that expression of the mouse homologs of these genes was unaltered in Pdgfc À/À mutant embryos (Fig. 3w-bb) , suggesting that their activity is not related to PDGF-C signaling in palatogenesis. As failure of secondary palate fusion is associated with Tgfb3 deficiency 24, 25 , we examined Pdgfc in Tgfb3 À/À embryos but found it to be normal. (Fig. 3dd) Conversely, Tgfb3 expression was unchanged in Pdgfc À/À embryos (Fig. 3ee) . These results confirm that PDGF-C signaling is a new and independent mechanism that regulates palatogenesis. PDGF-C is a latent growth factor with proteolytic activation 1 , and the processing enzyme might be controlled by the other CLP-associated genes that may indirectly connect to PDGF-C signaling. Notably, a 30-cM region on human chromosome 4, where the PDGFC gene maps, shows strong linkage association with CLP 26 , and our unpublished clinical genetic data further suggest a potential link between PDGFC gene polymorphism and CLP. 
METHODS
Construction of targeting vector and derivation of mice deficient for PDGF-C. We cloned mouse Pdgfc genomic DNA from a 129S1 genomic library. We used a B12-kb fragment of genomic DNA, which contained Pdgfc coding exon 2, to create the targeting construct, in which exon 2 was replaced with an SA-IRES-bgeopA expression cassette. We linearized the targeting construct with NotI, electroporated it into R1 ES cells and selected them with G418 as described previously 27 . We carried out Southern-blot analysis to screen for the presence of a disrupted Pdgfc gene. We used two independently targeted ES cell clones to generate chimeric mice that subsequently transmitted the mutation through the germ line. The phenotypes of Pdgfc À/À newborns derived from both targeted ES cell lines were indistinguishable.
Genotyping. We used PCR and Southern-blot analysis for genotyping. We carried out PCR on DNA from ear-punch samples (primer sequences are available on request). We carried out PCR genotyping of Pdgfa mutant embryos as described previously 13 and carried out Southern-blot analysis using standard protocols.
Histology, electron microscopy and skeletal staining. We dissected embryos at different stages and fixed them in 4% paraformaldehyde at 4 1C overnight. We embedded them in paraffin, sectioned them at a thickness of 5 mm and then stained them with hematoxylin and eosin. We carried out transmission electron microscopy and scanning electron microscopy as described 28 . For skeletal staining, we fixed skinned and eviscerated newborn mice in 95% ethanol for 1-2 d and then stained them with alcian blue and alizarin red as previously described 29 .
In situ hybridization and immunohistochemistry. We carried out RNA in situ analysis of whole-mount embryos and frozen tissue sections according to established protocols 15 . Immunostaining was done as described 28 .
Derivation of Pdgfc À/À Pdgfa À/À ES cells and tetraploid aggregation. Pdgfc +/À Pdgfa +/À mice were intercrossed, and the 2.5-d.p.c. blastocysts were flushed and then cultured in ES culture medium as described 30 . Inner cell mass outgrowths were then disaggregated into small, multicellular clumps that were cultured further until ES cell colonies developed. We picked colonies and cultured them to establish cell lines. We genotyped cell lines for Pdgfc and Pdgfa using PCR. We carried out tetraploid aggregation to obtain entirely ES cellderived embryos as described 17 .
Note: Supplementary information is available on the Nature Genetics website. 
